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@ An infrared detector (20) receives infrared en- 
ergy from tiie target (12) and provides a detector 
signal based primarily on the difference between the 
infrared detector temperature and the temperature of 
the reference temperature area of the detector. A 
contact temperature measurement device (28) pro- 
vides a reference signal which is a function of the 
temperature of the reference temperature area (24) 
of the detector. A processor (36) receives the detec- 
tor and reference signals and combines the two 
signals in a non-linear manner to result in a signal 
which is representative of the temperature of the 
target. The method of non-linearly combining in-, 
eludes the use of gain and offset terms which may 
be altered to a limited extent by a technician in the 
field with a blackbody calibration source. As a result 
of the recalibration, accurate target temperature 
measurements are continually provided. Additionally, 
the method of non-linearly combining includes the 
use of additional gain and offset terms which are 
adjusted to account for the infrared radiation char- 
acteristics of an anatomical target as compared to 
blackbody calibration source targets. 
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BACKGROUND OF THE INVENTION 



Field of the Invention: 

This invention relates generally to biomedical 
thermometers, and more particularly, to improve- 
ments in infrared thermometers for measuring body 
temperature. 

Description of Related Art: 3 

Infrared thermometers have become useful in 
the medical community and permit the rapid mea- 
surement of a patient's temperature. Various ap- 
proaches have been developed to make the in- i 
frared thermometer more accurate. One prior ap- 
proach involves alternately sensing the radiation 
from an inner reference area and the target through 
the same optical path in order to obtain a more 
accurate temperature measurement. Another type 2( 
of approach involves the use of a chopper unit to 
calibrate the thermometer. In the case of infrared 
thermometers which use a thermopile as the in- 
frared detector, approaches specific to thermopile 
accuracy have been developed. 2t 

Typically, thermopile detectors which are used 
to measure infrared radiation produce an output 
voltage which increases as a non-linear function of 
the difference between the temperature of the heat 
sensing area in the detector and the temperature of 30 
the cold junctions of the detector. Thermopile de- 
tectors are commonly used for the measurement of 
extremes of temperatures, such as in detecting the 
temperature of a furnace, or in detecting fire. In the 
case of the application of the thermopile detector to. 35 
infrared thermometry for the measurement of hu- 
man body temperature, the temperature range is 
. relatively narrow when compared to typical thermo- 
pile applications. Because of this narrow tempera- 
ture range, techniques to Improve accuracy of the 4o 
thermopile detector have been under consideration. 

It has been found that changes in the ambient 
temperature affect the temperature of the cold 
junctions which in turn can affect the accuracy of 
the thermopile output unless the temperature of the 45 
cold junctions is considered appropriately. One 
method used to improve the accuracy of patient 
temperature measurement with the thermopile de- 
tector is to maintain the cold junctions at a constant 
temperature by heating them to a predetermined so 
temperature which is above the ambient tempera- 
ture, or cooling them to a temperature below am- 
bient. However, this method requires a heat source, 
power for the heat source and techniques for the 
precise regulation of the temperature of the heat 55 
source. 

An ideal thermopile detector generates ah out- 
put voltage that is related to the target's tempera- 



ture and the temperature of the cold junctions by 
the following formula which was derived from the 
fundamental Stefan-Boltzmann law: 

Vd = M-(Tbb*-Tc/) 

where V^ is the thermopile detector output voltage, 
Tbb is the target temperature (in this case a black- 
body). Tcj is the temperature of the cold junctions, 
and M is a constant. 

In actual practice however, there exist many 
factors which alter this ideal relationship. One fac- 
tor is that our knowledge of the temperature of the 
cold junctions. Tqj. is typically subject to error. In 
most cases, a contact temperature sensor for the 
cold junctions is removed from the cold junctions 
somewhat thus making its temperature measure- 
ment inaccurate to some extent. Additionally. M is 
not truly constant and often depends upon the 
ambient temperature or the age of the detector or 
other factors- 

A prior method for determining the blackbody 
target temperature Tbb from the output signal V^ of 
a thermopile detector and the temperature of the 
thermopile detector cold junctions Tqj was by the 
following equation involving a polynomial series: 

Tbb = Tcj + Ai -V^ + Aa* V^^ + A^'V^^ + 
A4-Vd* + ... + 



By manipulating the equation, it can be seen 
that the polynomial series in the thermopile detec- 
tor output voltage equals Tbb - Tcj. However, it has 
been observed that this voltage Is actually more 
dependent on the Tcj term than this equation in- 
dicates. It has been observed that- even if Tbb 
changes the same amount that Tcj changes, in 
actual practice V^ will not remain the same. By not 
accounting for this occurrence, accuracy will be 
adversely affected. 

Thus it would be desirable to provide a method 
and a system for enhancing the accuracy of the 
output signal of a detector by considering the cold 
junction temperature or temperature of the refer- 
ence temperature area of the detector more fully. 

The tympanic membrane is generally consid- 
ered by the medical community to be superior to 
other sites for taking a patient's temperature. The 
same blood source which supplies the hypothala- 
mus, the organ which regulates body temperature, 
also supplies the tympanic membrane and thus the 
temperature of the tympanic membrane is closely 
correlated to the core temperature. However, the 
tympanic membrane is not directly accessible: it 
does not lie in a straight path from the ear opening. 
Therefore; obtaining infrared energy from only the 
tympanic membrane and not from surrounding tls- 
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sues, such as the ear canal, is difficuit when mere- 
ly inserting an instrument into the ear opening. Yet 
it is desirable to be able to measure a patient's 
temperature in this manner; quickly and non-intru- 
sively. Whether the temperature detector is a ther- 
mopile or another type of detector, some adjust- 
ment of its output may be necessary to more 
accurately indicate the temperature of the tympanic 
membrane. Additionally, it would be desirable to 
determine the temperature of a particular part of a 
patient's anatomy, such as the core, the tempera- 
ture of which may be accurately correlated with the 
temperature of an infrared target part of anatomy, 
such as the tympanic membrane, by measuring the 
temperature of the target and adjusting that tem- 
perature as necessary to indicate the temperature 
of the other part of the anatomy. 

It would be desirable to provide a method and 
system which provide accurate temperature mea- 
surements of a patient's anatomy over a wide tem- 
perature range without requiring the application of a 
heat source or a cold source to the detector . 

For continued accuracy of the instrument, it 
would also be desirable to provide a method and 
system allowing re-calibration of the biomedical 
thermometer periodically in the field. The present 
invention adclresses these needs. 

SUMMARY OF THE INVENTION 

Briefly, and in general terms, the present in- 
vention provides a new and improved method and 
system for accurately determining the temperature 
of a target from infrared energy received from the 
target by an infrared thermometer and for calibrat- 
ing the infrared thermometer. By use of calibration 
data, the present invention also provides a means 
for the thermometer to indicate the temperature of 
another part of the anatomy based on the infrared 
energy received from the target part of the anato- 
my. 

In accordance with the invention, by way of 
example, an infrared detector of the thermometer 
receives infrared energy from the target and pro- 
vides a detector signal based on both the tempera- 
ture of the heat sensing portion of the infrared 
detector temperature and the temperature of the 
reference temperature area of the detector. A con- 
tact temperature measurement device provides a 
reference signal which is a function of the tempera- 
ture of the reference temperature area of the detec- 
tor. In accordance with the invention, not only is the 
temperature difference 'between the infrared sens- 
ing portion of the detector and the reference tem- 
perature area considered, but the absolute tem- 
perature of the reference temperature area is also 
considered. A processor receives the detector and 
reference signals and combines the two signals In 



a non-linear manner to result in a signal which is 
representative of the temperature of the target. 

Additionally, the processor contains calibration 
data and combines the detector signal and the 

5 reference signal in a manner dependent upon 
whether the temperature of a blackbody calibration 
source is desired or the temperature of an anatomi- 
cal target. The processor may also contain other 
calibration data and combines the detector signal 

70 and reference signal in a manner dependent upon 
whether the temperature of the target is desired or 
the temperature of some other part of the anatomy. 

As a further feature of the Invention, means are 
provided for the user to re-calibrate the system 

15 with a blackbody calibration source and to modify 
the processor calibration data to a limited extent. 
This re-calibration permits compensation for 
changes in the instrument due to aging, usage and 
other reasons. 

20 The new and improved thermometry system of 

the present invention is extremely accurate, reliable 
and easy to use in providing enhanced calibration 
and measurement capabilities. 

These and other aspects and advantages of 

25 the invention will become apparent from the follow- 
ing more detailed description, when taken in con- 
junction with the accompanying drawings of illustra- 
tive embodiments. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

— RG. 1 is a diagram of the infrared thermometry 
system in accordance with the invention; 
FIG. 2 is a diagram of a thermopile detector of 
an infrared thermometry system of FIG. 1 . illus- 
35 trating the heat sensing portion and cold junc- 
tions; 

Fig. 3 is a block diagram of the signal process- 
ing circuitry of the infrared thermometry system 

of FIG. 1; 

40 FIG. 4 is a flow chart of the factory calibration of 
an infrared thermometry system in accordance 

with the invention; 

FIG. 5 is a flow chart of the field calibration of 
an infrared thermometry system in accordance 
45 with the invention; 

FIG. 6 is a flow chart of the calibration of an 
infrared thermometry system to take into ac- 
count anatomical characteristics; and 
FIG. 7 is a flow chart of the overall calibration 
50 and temperature measurement modes of a ther- 
mometry system in accordance with the princi- 
ples of the invention. 
DESCRIPTION OF THE PREFERRED EMBODl- 



55 



MENT 

As shown in the exemplary drawings and refer- 
ring with particularity to FIG. 1. the present inven- 
tion is embodied , in an infrared thermometry sys- 
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tem 10 which is generally shown in the form of a 
hand held probe for measuring the temperature of 
a target area 12 such as the ear canal and tym- 
panic membrane 13. The infrared thermometer in- 
cludes a probe end 14 which is adapted to be 
inserted partially into the ear canal, and which 
covers and protects a waveguide 16 of the ther- 
mometer which receives and communicates infrar- 
ed energy to the instrument. 

The infrared thermometer may include an op- 
tical chopper flag 18 which operates to allow the 
infrared thermometer to measure the infrared radi- 
ation entering through the waveguide from the tar- 
get, and to also measure a background signal level 
generated by the instrument itself, such as radi- 
ation and electronic offset, in order to gain a more 
accurate measure of the amount of infrared radi- 
ation entering the instrument. The optical chopper 
"ag admits the incoming infrared radiation to the 
detector 20. typically a thermopile, which is shown 
schematically in greater detail in FIG. 2 

The thermopile detector includes 'an infrared 
energy sensing area 22, which typically includes a 
blackened area for absorption of infrared energy 
and hot junctions 21. The construction of a thermo- 
pile ,s based upon the basic construction of a 
thermocouple, which is generally made of dissimi- 
lar metals chosen to give a large thermoelectric 
output m response to a temperature differential in 
the thermocouple. Thus, as is shown in FIG 2 the 
thermopile detector is constructed of many ther- 

ZT^^lT.r^" sensing 
area, with the opposite ends serving as cold junc- 
tions, two of which are indicated by numeral 24 in 
the reference temperature area. The electrical out- 
put s.gnal is then communicated to signal process- 
ing means 31 in the infrared thermometer via the 
thermopile electrical signal lines 26. 

The thermopile infrared detector 20 produces 
an output voltage which is generally a non-linear 
function of both the temperature of the cold junc- 
tions 24 and the temperature of the infrared energy 
sensing area 22 of the- thermopile detector. The 
temperature of the cold junctions 24 of the detector 
Jll"? ^^"'^ measured with a precision contact 
temperature measurement device such as a ther- 
m.stor 28. which is typically disposed in Intimate 
physical and thermal contact with the cold junction 
?h!f i with the thermopile detector 

The thermistor 28 generates a reference signal 
representative of the temperature of the cold junc- 
tions which is carried by the electrical lines 30 to 
the signal processing means 31. 

The temperature of the cold junctions may be 
the ambient temperature but it may also be higher 
or lower than ambient temperature. In regard to a 
thermopile detector, the reference signal is repre- 
sentative Of the temperature of the cold junctions 



fn regard to other detectors, the reference signal is 
representative of the temperature of the referen ' 
temperature area of the detector 

With reference to FIG. 3, the signal from the 

and IS then converted to digital form by an analog- 
to-d.gital converter 34. to be received by the micro 
processor 36. The thermistor 28 is interfaced lo an 
analog-to-digital converter 40 by interface 38 This 
'0 reference signal, V,,.. which is representative of the 

fZT"'T.^' ^""^ ideally 
a known stable temperature, is also received by the 
microprocessor 36. The mathematical relationship 
between Tc. and V,„. is typically supplied by the 
'5 therm.ster manufacturer and thus Tcj is easNv 
computed by the microprocessor. ^ 
The microprocessor 36 provides means to cali- 
brate the system with a blackbody calibration 
source in laboratory-type conditions, it provides 
20 means to re-calibrate the system with a blackbody 
calibration source under other conditions and it 
provides means to use the system to take tempera- 
ture measurements of a target or of another part of 
the anatomy based on the temperature of a target. 
25 To accomplish the above, calibration data is stored 
m the system, such as in the data storage element 
44. in order to communicate externally with the 
microprocessor 36 and the data storage element 
i ^ ^°"''^""''=a«ons port 42 is preferably pro- 
30 vided in the infrared thermometer. Through this 

port 42. calibration constants may be received by • 
the microprocessor for storage stored in the data 
elennent 44 which may take the form of a non- 
^^1 J^^'^V ^"^'^ ^ ^ EEPROM. Additionally, 
*° microprocessor 
36 that It IS now being calibrated with a blackbody 
calibration source of a particular tefr>perature. As 
used in this description, a blackbody calibration 
source is defined as a standardized temperature 
"0 reference source having a precisely known tem- 
perature and precisely known radiation characteris- 
ncs. ^ 

Preferably, the data storage element 44 has an 
electrically erasable memory that can be write en- 
45 abled for storage of data with sufficient precision. A 
typical EEPROM memory used for data storage 
allows storage of the data and calibration constants 
m the form of up to sixty-four 1 6-bit words The 
microprocessor 36 is preferably of the type ca- 
50 pable Of performing arithmetic operations, such as 
are currently commercially available, and is oper- 
atively connected to an output device 46 such as a 
-quid qrystal display (LCD) or light emitting diode 

tt^? ""'^ ^'^^'^P'^- displaying the 

55 temperatures determined by the thermometer 

It has been found that the output voltage of a 
thermopile detector 20 is affected in a non-linear 
manner by- changes in temperature of the cold 
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unctions 24. Combining in a non-linear manner a 
signal which is representative of the temperature of 
the cold junctions over a given temperature range, 
or in the case of detectors other than thermopiles, 
a signal representative of the temperature of the 
reference temperature area, results in greatly im- 
proved accuracy. The non-linear combining may be 
expressed as a polynomial series. This has been 
found to significantly improve the accuracy of tem- 
perature measurements and obviates the need for 
heating or cooling the cold junctions in an attempt 
to maintain a constant temperature of the cold 
junctions. 

Referring now to FIG. 4, calibration of the sys- 
tem with a blackbody calibration source of tem- 
perature Tbb under factory or laboratory conditions 
is shown. The quantity Vd is the digital signal 
representative of the output voltage of the thermo- 
pile or, in the case of a system with an optical 
chopper. is the digital signal representative of 
the difference between the thermopile output volt- 
age with the chopper open and the thermopile 
output voltage with the chopper closed. The detec- 
tor signal V^, is acquired 60 and the reference 
thermistor signal V,ef. representative of the tem- 
perature of the cold junctions Tcj, is acquired 60. 
The temperature of the blackbody calibration 
source is recorded 61 and the temperature of the 
cold junctions Tcj is computed 62 based on the 
signal V^ef- These data may be acquired at nu- 
merous points over the specified usable target and 
ambient temperature ranges of the thermometer 
64. Determination of the temperature of the black- 
body reference source can be closely approxi- 
mated with an expression utilizing the thermopile 
signal and the cold junction temperature Tcj as 
follows: 

Tbb, = C + Ai-Vd + As'Vd^ + Aa'V^^ + 
A^-Vd* + ... +A„,- Vd'" 

+ B,-Tcj + B2-Tcj2 + B3-Tcj3 + ... B„-Tcj" 

where C. a calibration constant, the thermopile volt- 
age calibration coeficients Ai ... A^ and the cold 
junction temperature calibration coefficients 8i ... 
B„ are obtained by multi-variable linear regression 
66, or other means, based on data provided by the 
manufacturers of the thermopile detector and/or 
laboratory measurements of thermopile output (Vd) 
generated from testing with a blackbody calibration 
source over a range of target and ambient tem- 
peratures. This constant and the coefficients are 
stored 68 in the data storage element 44. 

Laboratory testing over a range of target and 
ambient temperatures permits accurate determina- 
tion of the constant C and coefficients Ai - A^. and 
Bi - Bn which will be used in measuring tempera- 
tures of targets. The actual values of this constant 



and these coefficients will vary with each particular 
detector. Also, the number of coefficients neces- 
sary will vary with each particular application. In 
one embodiment, the thermometer was to be used 
5 over a temperature range of about 25 C (77 F) 
to about 43* C (110* F) and the thermistor was to 
operate in the temperature range^ of from about 
15' c (60° F) to about 43* C(110° F). Exemplary 
values of C = 2.4 degrees C. A, = 77.5. A2 = 
70 -14.4. A3 = 8.6. A^ = -32.1. B; = 0.85, 82 = 
0.0026. and B3 = -5.0 x 10"^ are illustrative. It was 
found that it was unnecessary to include any higher 
order terms in the expression for Tbbi above in this 
embodiment in order to provide a sufficiently ac- 
75 curate fit to the collected data. 

Also provided is- a means to re-calibrate the 
thermometer in the field with a blackbody calibra- 
tion source. In order to correct changes in instru- 
ment readings due to electrical component drift 
20 such as in the amplifier which amplifies the detec- 
tor output voltage before it is sent to the analog to 
digital converter, or to correct minor changes in the 
optical components of the instrument an instru- 
ment technician will often wish to either re-caiibrate 
25 the instrument or check its calibration with a black- 
body source. Means are provided to switch the 
thermometer into the re-calibration mode and trans- 
mit to the microprocessor data necessary for re- 
calibration. Referring now to FIG. 5, in the re- 
30 calibration mode the blackbody calibration source 
Tbb temperature data is input 72 to the system 
through the port 42. The detector signal Vd is 
acquired 73 and the reference thermistor signal V^ef 
representative of the temperature of the cold junc- 
35 tions Tcj is acquired 73. The temperature of the 
cold junctions Tcj is computed 74. These data may 
be acquired at two or more points over the speci- 
fied usable temperature range of the thermometer 
76. The temperature calibration additive constant 
40 C. the thermopile polynomial calibration coefficients 
Ai through A„,. and the cold junction temperature 
calibration coefficients B^ through Bn have already 
been determined in the factory or laboratory set- 
ting. In re-calibrating the thermometer, limited ad- 
45 justment is provided as expressed by the following 
formula: 

Tbb = Ko + C + 

[Ai(Go-Vd) + A2(Go-Vd)2 + A3(Go-Vd)2 + A4- 

50 (Go-Vd)* + A^(Go-Vdn 

+ [Bi-Tcj + B2-Tc/ + B3-Tcj3 + ... + Bn Tcj"] 

This formula, although very similar to the for- 
55 mula utilized in calibrating during a laboratory cali- 
bration sequence, includes a gain ternn Go, and an 
offset term Ko. When the instrument is calibrated in 
the laboratory or the factory, the gain term Go will 
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and measuring the tennperatures of targets, im- 
proved accuracy can be obtained in an infrared 
thermometer without resort to stabilizing the refer- 
ence temperature area of the infrared detector such 

as by means of a heat or cold source. Additionally, 
field re-calibration is made possible with the inven- 
tion. 

It should be recognized that although tne meth- 
od and system of the invention have been de- 
scribed with reference to a digital signal processor, 
the invention may also be implemented with analog 
signal processing of signals from the thermopile 
infrared detector and cold junction temperature de- 
tector, and hardware, implementation of the various 
additive and multiplicative gain constants, as is 
within the ability of those skilled in the art. 

It will be apparent from the foregoing that, 
while particular forms of the invention have been 
illustrated and described, various modifications can 
be made without departing from the spirit and 
scope of the invention. Accordingly, it is not in- 
tended that the invention be limited, except as by 
the appended claims. 

Claims 

1. A thermometry apparatus for determining the 
temperature of a first target from the infrared 
energy received frorn the first target, compris- 
ing: 

a detector means having an infrared sens- 
ing area for receiving the infrared radiation 
from the first target and having a reference 
temperature area, the detector means provid- 
ing a detector signal which is a function of the 
temperature of the infrared sensing area and of 
the reference temperature area; 

sensor means for providing a reference 
signal which is a function of the temperature of 
the reference temperature area; 

processor means for providing a tempera- 
ture signal based on combining a non-linear 
representation of the detector signal with a 
non-linear representation of the reference sig- 
nal. 

2. The thermometry apparatus of claim 1 further 
comprising: 

data storage means for storing first offset 
and first gain data which are derived from 
characteristics of the first target; 

wherein the processor means is also for 
applying the first offset and first gain data to 
the combining of the detector reference sig- 
nals. 

3. The thermometry apparatus of claim 2 wherein 
the first gain data comprises first and second 



gain terms and the processor nneans applies 
the first gain term to the detector signal and 
the second gain term to the reference signal 
during the combining of the detector and refer- 
5 ence signals. 

4. The thermometry apparatus of claims 2 or 3 
wherein the data storage means is also for 
storing second offset and second gain data 
70 which is derived from re-calibrating the ther- 

mometry system and the processor means is 
also for applying the second offset and second 
gain data to the combining of the detector and 
reference signals. 

15 

5- The thermometry apparatus of claim 4 wherein 
the second gain data is applied to only the 
detector signal during the combining. 

20 6. The thermometry apparatus of claims 4 or 5 
wherein the processor means computes the 
second offset and second gain data. 

7. The thermometry apparatus of any one of 
25 claims 2-6 wherein the thermometry apparatus 

is also for determining the temperature of a 
second target based on the temperature of the 
first target and wherein the first offset and first 
gain data are derived from characteristics of 
30 the first target and the second target. 

8. The thermometry apparatus of any one of the 
preceding claims further comprising commu- 
nication means for receiving calibration data 

35 for use in the combining of the detector and 

reference signals. 

9. The thermometry apparatus of any one of the 
preceding clairns wherein the detector signal 

40 has a steady state amplitude in response to 

the temperature of the infrared sensing area 
and of the reference temperature area. 

10. A method for determining the temperature of a 

45 first target from the infrared energy received 

from the first target by a detector having an 
infrared sensing area for receiving the infrared 
radiation from the first target and having a 
reference temperature area, comprising the 

50 steps of: 

providing a detector signal which is a func- 
tion of the infrared energy received by the 
infrared sensing area of a detector, the detec- 
tor signal being a function of the temperatures 

55 of the infrared sensing area and the reference 

temperature area; 

providing a reference signal which is a 
function of the temperature of the reference 
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temperature area; 

combining the detector signal and the ref- 
erence signal In a non-linear manner; and 

providing a temperature signal in response 
to the non-linear combining. 
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